In a future warming world, a fully dynamical model of Lake Superior projects that the lake will undergo significant physical and biological changes by the middle of the 21 st century with important implications for the surrounding region. Projections for the winter include drastically reduced ice and very weak water column stratification. In contrast, the summertime surface warming is projected to begin earlier, last longer, and be more enhanced. In concert, summertime biological production is projected to shift earlier and become larger. These changes have potentially important consequences for stakeholders with interests in shipping, coastal habitability, fishing, water quality, and recreation. Perhaps more fundamentally, the projected changes imply that Lake Superior may change into a different kind of lake with a dramatically weakened dimictic behavior.
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For the Laurentian Great Lakes, the National Climate Assessment speculates that reduced ice, www.jlimnol.it so that the summer stratified period became longer by nearly two weeks. Similarly, a 150 year record from a ferry operator in Bayfield, Wisconsin shows a consistent decrease in the length of the ice covered season at a rate of 3 days per decade from 1857 to 2007 (Howk, 2009 ). In four recent winters (1998-1999, 2012-2013, 2015-2016, and 2016-2017) , the lack of ice has allowed the ferry to operate continuously through the winter (Madeline Island Ferry Line) . In the open waters of Lake Superior, warming of lake water surface temperature (LWST) has accelerated in recent decades as recorded by NOAA buoys (Austin and Colman, 2007) . At the same time, the spatially and temporally averaged lake wide ice cover over the winter season from 1979 to 2005 has decreased at a rate of 4.2% per decade (Assel, 2003 (Assel, , 2005 .
Warming in Lake Superior has not been steady though. The warming of 1998, coincident with a prominent El Niño event, was particularly strong and received attention (Van Cleave et al., 2014; Piccolroaz et al., 2015; Zhong et al., 2016) . The strength of the 1998 warming was such that much of the warming in Lake Superior over the period 1973-2010 could possibly be explained by a single, step change without a long term trend (Van Cleave et al., 2014) .
The warming seen in Lake Superior fits the larger context of warming reported for the Laurentian Great Lakes in general (Mason et al., 2016; Zhong et al., 2016 Zhong et al., , 2018 ) and more geographically distributed lakes (Schmid et al., 2014; O'Reilly et al., 2015; Woolway and Merchant, 2018) . In their global synthesis of in situ and remotely sensed data for 235 lakes, O'Reilly et al. (2015) show that summertime LWST increased globally by over 0.3°C per decade during the period . While warming is almost universally observed, there is substantial interlake variation, which no single geographic or morphometric factor could explain. Instead the variation in warming is attributed to different combinations of climate and local characteristics so as to preclude regional consistency. Even within single (large) lakes, warming is often heterogeneous. For example, deeper parts of Laurentian Great Lakes warm at faster rates than shallower parts (Mason et al., 2016; Zhong et al., 2016) . Such thermal response may be related to a greater persistence of temperature anomalies from previous times within a longer water column (Woolway and Merchant, 2018) .
A number of attempts have been made to project the historical warming trends into the future.
Different types of lake models have been employed to make such projections. The simpler models are statistical/hybrid models that vary in sophistication but utilize some empirical relations between LWST and environmental variables such as surface air temperature. Such models have been applied to Lake Superior (Trumpickas et al., 2009) , Lake Tahoe (Piccolroaz et al., 2018) , and smaller lakes in Poland (Czernecki and Ptak, 2018) , Canada (Shuter et al., 2013) , and the Rocky Mountains (Roberts et al., 2017) . More sophisticated 1D thermal 
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In this study, we use a well-tested 3D model of Lake Superior to simulate its dynamics and biogeochemistry under a future warming scenario. We have previously described the model and used it in investigations of chlorophyll distributions , interior ventilation (Matsumoto et al., 2015) , and lateral exchange of onshore and offshore waters (McKinney et al., 2018) . There are other mechanistic models applied to Lake Superior with varying degrees of sophistication from 1D models (Sugiyama et al., 2018; Zhong et al., 2018) to 3D models (Schwab and Bedford, 1999; Chen et al., 2001; Bennington et al., 2010; Xue et al., 2015; Ye et al., 2019) . The regional modeling system of Xue et al. (2017) is unique in representing all five Laurentian Great Lakes together, each in 3D, and coupled to a regional climate model. To our knowledge, ours would be the first study to employ a realistically configured 3D model of a Great Lake to make a future projection.
Future climate projections focused on the US Great Lakes region have been reported previously (Hayhoe et al., 2010; Music et al., 2015) . Hayhoe et al. (2010) downscaled future climate projections from a few global atmospheric-ocean general circulation models (AOGCMs) in order to clarify regional implications of global warming under different IPCC greenhouse gas emission scenarios: A1 (fossil-intensive, higher); A2 (middle); and B1 (lower) scenarios from an IPCC special report on emissions (Nakicenovic et al., 2000) . They conclude that annual temperatures in the Great Lakes region are projected to increase by 2~3 °C by mid-century relative to the late 20 th century. Music et al. (2015) analyzed regional climate model outputs from the North American Regional Climate Change Assessment Program (NARCCAP) (Mearns et al., 2013) to investigate the future water budget of the region. The same IPCC scenarios drive NARCCAP, which is described in more detail below as we too make use of its climate projections as drivers of our Lake Superior model. Music et al. (2015) conclude that the future water budget will fluctuate more over the seasons but with no change in the annual mean.
Lessons gained from available studies of Lake Superior (Piccolroaz et al., 2015; Zhong et al., 2016 Zhong et al., , 2018 Ye et al., 2019) would suggest that the regional warming projected by Hayhoe et al. (2010) will drive a continuation or even an acceleration of the warming trends already observed. They include, for example, milder winter LWST, reduced ice cover, and longer and stronger summer stratification, although the specifics of those trends in the future are unclear.
It is entirely unclear what biological characteristics of Lake Superior may change in the future, and what their economic, environmental, and social repercussions might be.
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METHODS
Model description
Our spatially explicit model of Lake Superior is based on the Regional Ocean Modeling System, a free-surface primitive equation ocean model (Shchepetkin and McWilliams, 2005) . The Lake Superior model has a realistic shoreline and bathymetry and a closed model domain. It consists of 20 depth-following sigma layers, which vary in thickness from less than a meter at the surface to nearly 50 meters in the deepest areas of the lake, and an equal-area, rectangular horizontal grid scale of 5 km. While earlier models of Lake Superior lacked an ice model (Schwab and Bedford, 1999; Chen et al., 2001; Bennington et al., 2010) , our model includes a prognostic model of ice dynamics and thermodynamics. More recently developed models also have ice models (Xue et al., 2015; Ye et al., 2019) . Ice is a critical component of Lake Superior's seasonal cycle (Titze and Austin, 2014) and thus important to have in a credible climate projection of the lake. Our model is unique in having an NPZD-type ecosystem model that predicts phytoplankton, chlorophyll, zooplankton, and phosphate among other state variables. In the ecosystem model, primary production is driven by phytoplankton growth, which depends on various ambient environmental conditions, source minus sink terms such as zooplankton grazing, mortality, and particle coagulation. Zooplankton biomass increases by grazing on phytoplankton and decreases by excretion and mortality. Plankton can coagulate to form detrital particles, which settle down the water column. Chlorophyll within phytoplankton can vary so as to allow for photoadaptation (i.e., variable chlorophyll:C ratio arising from variable allocation of cellular resources into making different macromolecules). The ecosystem model is fully described in . The overall model architecture, its physical and biogeochemical parameters, and choice of parameter values are described by . A c c e p t e d models of Lake Superior (Schwab and Bedford, 1999; Chen A c c e p t e d (Schwab and Bedford, 1999; Chen et al. A c c e p t e d 
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In previous studies, our Lake Superior model successfully captured several key features of the lake, including: general timing of its dimictic behavior, seasonal migration of the 4°C thermal front from the coast to offshore, initial formation of lake ice along the periphery of lake; general ice advection from west to east, and primary production and the associated deep chlorophyll maximum. Model-simulated fields and seasonal cycles of temperature, ice, and chlorophyll have been assessed extensively through comparisons against available data, such as the NOAA buoy temperature data, ice atlases, and EPA station chlorophyll measurements Matsumoto et al., 2015; McKinney et al., 2018) . Time series analysis also showed that our model simulates well the seasonal evolution, secular trends, and interannual variability of temperature and ice The model also compared well in terms of eddy locations. In an earlier work, we had identified eddies in Lake Superior on the basis of satellite-based Synthetic Aperture Radar and thermal imagery (McKinney et al., 2012) . In a follow-up study using our Lake Superior model, we used an objective algorithm to detect eddies in our model simulations and found that the eddy locations in the model domain were consistent with where eddies were identified in Lake Superior using satellite imagery (McKinney et al., 2018) .
Large scale biological features simulated by the model compared favorably to available data . For example, the lakewide annual primary production in the model for the period is approximately 6.2 Tg C yr !1 (Tg C=10 12 grams C), which compares well to data-based estimates (Cotner et al., 2004; Urban et al., 2005; Sterner, 2010) . Also, showed that the model is able to reproduce the deep chlorophyll maximum (DCM), a ubiquitous feature in Lake Superior (Barbiero and Tuchman, 2004) . Both primary production and DCM are strongly dependent on velocity fields for nutrient supply, and so their good data-model comparisons add confidence that the model physics are reasonable.
These assessment exercises however show that the model tended to overestimate the summertime warming, the onset of springtime warm up, and, although to a lesser extent, the fall cool down. There are two reasons for the overestimate. First, the mixed layer depth in the model is too shallow, a problem noted in other models of the Great Lakes (Beletsky and Schwab, 2001; Huang et al., 2010) and the Bering Sea (Hu and Wang, 2010) that have the same level 2.5 closure turbulence model (Mellor and Yamada, 1982) . Hu and Wang (2010) argue that such models lack wind-wave mixing scheme to realize a sufficiently deep mixed layer. Second, in two of our previous studies (Matsumoto et al., 2015; McKinney et al., 2018) , A c c e p t e d
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Forcing fields
Our model of Lake Superior is not coupled to an atmospheric model and thus requires several atmospheric boundary conditions: surface radiative fluxes, wind, air temperature, pressure, humidity, and precipitation. For this study, we use the mid-century output of the Canadian
Regional Climate Model (CRCM) (Caya and Laprise, 1999) , nested within the Community Climate System Model (CCSM) (Collins et al., 2006) . This was one of several regional modelglobal model combinations used in NARCCAP, which assessed the ability of 6 regional climate models (RCMs) to predict local climate impacts under global warming. As noted above, NARCCAP outputs were used in a recent water budget projections of the US Great Lakes region (Music et al., 2015) . Under NARRCCAP, the RCMs were nested within global
AOGCMs and driven by the radiative forcing of the IPCC A2 emission scenario (Nakicenovic et al., 2000) . The A2 scenario is a 'business as usual' increase in atmospheric CO2 and reaches over 800ppm by the year 2100. It is the intermediate scenario between the A1 and B1 scenarios.
We note that newer scenarios have been developed as the global society, geopolitics, and technology evolved. Of the five scenarios developed as part of the latest Shared Socioeconomic Pathways (SSP), the A2 scenario resembles SSP3, the middle of the new scenarios (Riahi et al., 2017) .
In NARCCAP, multiple RCM-AOGCM combinations were run for the historical period of 1970-2000 and under the mid-century conditions for years 2040-2070. Of the multiple combinations available, we chose for this study the CRCM-CCSM combination, which seems well suited to describing the Great Lakes region, and Lake Superior specifically. An initial NARCCAP comparison of the regional models showed some to be less adept at modeling LWST and ice formation in the Great Lakes region, whereas CRCM was able to closely match observations in the region including Lake Superior. (http://www.narccap.ucar.edu/results/cruresults.html). Of the participating AOGCMs, CCSM has the highest spatial resolution.
For the historic period of 1990-1999, SAT forcing over Lake Superior from CRCM-CCSM is largely consistent with that from NARR and Great Lakes Coastal Forecasting System (GLCFS) (Schwab and Bedford, 1999) . This includes summertime maximums and spring and fall transitions. The largest discrepancy is in a brief transition period in late winter, when the CRCM-CCSM air temperatures fall by up to 7°C below the GLCFS and NARR averages due to lead-lag of the transition period. When SAT from CRCM-CCSM is compared against the
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During the 1990s, the CRCM-CCSM winds are generally comparable to the GLCFS reanalysis and the buoy data, although they tend to be lower in the winter, and higher in the summer and fall. This could result in earlier winter overturning in the model than actually occurs. Generally, the strongest winds occur in the fall and cover larger geographic areas than in the spring, and thus mix all regions of the lake more thoroughly and simultaneously.
Also during the 1990s, the CRCM-CCSM shortwave radiation and downwelling longwave radiation are weaker than NARR. As a result, LWST in our model shows lower peak summertime temperatures by up to 1.5 °C compared to satellite-derived lake surface temperatures (NOAA CoastWatch/OceanWatch, https://coastwatch.glerl.noaa.gov/ statistic/statistic.html, 2018). If the same bias were to persist in future projections of CRCM-CCSM, our projection of LWST would likely be biased low as well. For the future period, the temperature and precipitation response of the CRCM-CCSM combination is positioned just about in the middle of the all the RCM-AOGCM combinations in NARCCAP (Mearns et al., 2013) . Therefore, we consider our future climate projection of Lake Superior to be near the middle of the range of possible warming outcomes.
Of the CRCM-CCSM fields used to force the Lake Superior model, only SAT showed significant changes between the 1990s and mid-century projections. Air temperature will thus be the main driver of climate change projection. When considered over the 80-year span between 1990 and 2070, air temperature in CRCM-CCSM is projected to rise 0.04°C year -1 , mostly due to an increase in summertime maximum temperatures. The frequency distributions of surface air temperatures for the 1990s and the mid-century decades show a clear shift towards higher temperatures with time (not shown). The shift in the mean SAT is 2~3°C
between the 1990s and the mid-century. There is little change in the variance of the distributions.
Numerical experiments and passive tracers
For the historical period, the Lake Superior model was forced with the 1990-1999 CRCM-CCSM outputs as atmospheric boundary conditions. This was to establish a historical reference
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Therefore, we consider our future climate to be near the We included an idealized, passive tracer for both historical and future runs. The tracer Age is used to quantify the time that interior waters have been isolated from the atmosphere. As previously described (Matsumoto et al., 2015) , Age is initially set everywhere to zero and transported passively in the model by advection and diffusion. The tracer is continuously reset to zero throughout the simulations at the surface, but everywhere else, Age increments by time step "t. This means that as soon as a parcel of water leaves the surface and becomes isolated from the atmosphere, the clock begins to tick. Under steady state, Age in the model domain would eventually achieve equilibrium, when aging is balanced by the transport of younger, more ventilated waters. However, episodic mixing such as convective overturning can rapidly make Age in the interior younger and even approach zero. Age of a water parcel thus represents the weighted average time for the surface waters to reach the interior, so that a poorly ventilated interior grid box will have an older age. Waters near the surface will be younger in age. In our previous study (Matsumoto et al., 2015) , Age clearly showed Lake Superior's dimictic behavior and indicated preferential vertical mixing over rough bottom topography. The deep water Age is reset (i.e., approached zero) during spring and fall overturning. However, the degree of this resetting depends on the extent of the overturning. In this study, Age will be used to understand how overturning and deep water isolation may change in the future.
RESULTS
Projection of Lake Superior climate
As expected, the model of Lake Superior, forced by the CRCM-CCSM climate conditions under the A2 emissions scenario, projects increasingly warmer conditions. This is clearly seen in the changes in LWST, the mixed layer depth (MLD), and ice between the mid-century decades and the 1990s (Figs. 3 and 4) . Annual lakewide mean LWST increases by nearly 3°C
from 5-6°C in the 1990s to almost 9°C in the late 2060s (Fig. 3a) . This represents a balance between the large summertime LWST change and the very limited wintertime change. The winter LWST does not change much, because the temperature of freezing pegs the lower end of the temperature excursion. Spatially, LWST increases more in the eastern basin of Lake Superior where today LWST is low and water depth is greatest (Fig. 4 a,b) , a pattern of warming observed today (Mason et al., 2016; Woolway and Merchant, 2018; Zhong et al., A c c e p t e d the surface waters to reach the interior, so that a poorly ventilated 
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As expected, the where bathymetry is shallow (Fig. 4c) . By mid-century, MLD shoals in most parts of Lake Superior but is pronounced in the deeper, midlake regions (Fig. 4d) .
In the winter, the prominence of ice as a surface feature of Lake Superior becomes significantly diminished (Fig.3c) . During the decade of the 1990s, the lakewide ice cover averaged over the ice season, here defined as 1 December until 31 May, spans 10-30% (Fig.3c, open circles) . The same quantity decreases significantly in the mid-century to mostly below 10%. It is important keep in mind that in any given year, the daily ice coverage can vary between few percent and over 90% (Fig. 3c, line) . The maximum daily ice cover in the model exceeded 70% in half of the years in the 1990s. In contrast, there is only one year in the 2040-2070 period when the daily maximum exceeds 70%. The daily maximum ice coverage is less than 10% in 11 years out of the 30-year period. Spatially, the greatest loss of winter ice is seen in relatively shallow coastal areas along the eastern sides of the basin (Fig. 4f) . The eastern side is where ice accumulates in the model during the 1990s (Fig. 4e) as a result of westerly winds blowing ice in that direction, a phenomenon that is consistent with observations (Titze and Austin, 2016) .
The model projects hardly any ice in the open waters of Lake Superior in the mid-century.
One of the important consequences of the ongoing warming trend is that the summer stratified period becomes longer, primarily because the starting date of stratification occurs progressively earlier in the year (Austin and Colman, 2008) . In this study, the summer stratified period is defined as the period between spring/summer when lakewide mean LWST rises above 4°C and autumn/winter when it drops below 4°C. The summer stratified becomes 60 days longer between 1990s and the mid-century.
During the transition period to the summer stratified period, the spring thermal bar or 4°C
isotherm is present somewhere in the lake surface. Fig. 5 shows the decadal climatology of the spring thermal bar 5 days and 15 days after the first appearance of 4°C in the 1990s and 2060s.
The first appearance occurs in the western arm in both decades. After 5 days, spring thermal bar already appears in the southeast in the 2060s (Fig. 5b ) but is absent in the 1990s (Fig. 5a ).
After 15 days, 4°C appears in Thunder Bay in both decades. By this time though, the thermal bar has propagated further offshore in the mid-century especially in the eastern basin compared to the 1990s (Fig. 5 c,d ). The entire surface water is much warmer in the 2060s after 15 days.
The decadal climatology of the transition period decreases in the model from 54 days during
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nter ice is seen in relatively shallow Another consequence of continual warming of Lake Superior is that the hypolimnion becomes increasingly isolated from the atmosphere. According to the tracer Age, Lake Superior's deep waters become progressively older through the mid-century (Fig. 6 b-d) . Note that in the 1990s (Fig. 6 , blue lines), Lake Superior is clearly dimictic below 100 m, so that the hypolimnion is strongly ventilated during both the spring and fall overturning, when the hypolimnion Age is largely reset by vertical mixing that occurs preferentially over rough bottom topography (Matsumoto et al., 2015) . Between the two overturning events, the hypolimnion ages because stratification prevents ventilation. Aging is stronger during the summer because stratification is longer and stronger than the winter. By the mid-century, the summertime aging of the hypolimnion increases even more. Peak average Age at water depth of 200-250 m increases from 145 days in the 1990s to 190 days by the 2040-2060 period (Fig. 6c) . Not only does maximum Age increase by 45 days at those depths, but the timing of the maximum is delayed as well. In contrast, the winter hypolimnion aging is greatly stunted in the mid-century compared to the 1990s, indicating that the winter stratified period becomes much weaker. The trend towards stronger stratification and poorer ventilation over the summer season is evident at all depths (Fig. 6 ).
Projection of Lake Superior primary production
The lakewide annual primary production (PP) in the Lake Superior model is mostly within the range of 4.9-5.2 Tg C yr -1 (Tg C=10 12 grams C) during the 1990s (Fig. 7a) , consistent with data-based estimates (Cotner et al., 2004; Urban et al., 2005; Sterner, 2010) . Annual PP increases in the model through the mid-century decades at the rate of approximately 0.1 Tg C decade -1 . In some years, annual PP reaches almost 6.0 Tg C yr 
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compared to the 1990s, indicating that the winter stratified period becomes much weaker. 
DISCUSSION
Physical changes projected by the Lake Superior model for the mid-century are internally consistent. As the regional climate forcing from CRCM-CCSM increases heat flux into Lake Superior, the lake warms in all seasons, making winters milder and summers hotter.
In the winter, ice cover becomes more variable from year to year but generally shrinks,
especially in the open lake (Figs. 3c and 4f ). This can have significant regional economic implications in terms of shipping in Lake Superior, for example, because Duluth is an international port. Commercial navigation is allowed on the lake dependent upon weather and lake ice. If the shipping schedule is opened for a longer period of time, or becomes year-round, it would force changes in ground transportation, employment, and all subsequent supply-chain industries that connect to shipping. Reduced ice cover also would mean that waves in the winter will not be suppressed, thus increasing the risk of wave erosion of the coast and reducing habitability (Mackey, 2012) and increasing costs of infrastructure repair.
LWST in future winters does not become as cold as before, weakening the inverse temperature gradient. As a result, vertical mixing and ventilation largely continue during the winter, thereby preventing the deep lake waters from aging (Fig. 6 ).
In contrast, lateral mixing in the lake appears to not be much affected by future warming.
Although the results are not shown here, we conducted another passive tracer experiment, where regional dyes were released in several embayments around the lake at the beginning of each model year (i.e., midwinter). Their horizontal distributions with time between the 1990s and mid-century did not change significantly. McKinney et al. (2018) found increased exchange between nearshore and offshore waters in the late winter/early spring was correlated to wind speed. The CRCM-CCSM wind speeds are not projected to change significantly into the next century, which may explain why we do not see much variability in the dye dispersal.
Summer in the mid-century becomes much stronger and longer. Consistent with lessons from available studies (Piccolroaz et al., 2015; Zhong et al., 2016 Zhong et al., , 2018 Ye et al., 2019) , the model projects that as heat is concentrated in the ever-thinning MLD and the stratified period begins earlier in the year, LWST warming is enhanced (Figs. 3a and 4b ). The magnitude of the projected annual lakewide mean LWST warming is ~3°C, comparable to both the SAT forcing of CRCM-CCSM and projected warming from the regional downscaling of Hayhoe et al. (2010) . If summer alone is examined, the projected warming is even greater: lakewide LWST increases by 4°C from the 1990s to the end of the 2060s. This is the same amount of warming A c c e p t e d 6).
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Lakes, but there are a number of elements in our model simulation that help drive the warming.
One is a reduction in winter ice cover and duration (Mason et al., 2016) , although the importance of winter ice in subsequent warming has been challenged (Zhong et al., 2016; Ye et al., 2019) . Another driver is an earlier and faster onset of stratification (Austin and Colman, 2007; Piccolroaz et al., 2015; Zhong et al., 2016) , which unsurprisingly is associated with reduced ice. Also, identified as an important driver is high summertime air temperature (Piccolroaz et al., 2015; Zhong et al., 2018) , which was noted above in our forcing. The fact that Lake Superior is a cold lake to begin with (Zhong et al., 2018) may also explain the fast summertime warming in our projection.
As MLD thins and LWST rises during summer, the water column stratification becomes stronger. The lakewide strengthening of stratification leads to a decoupling of the epilimnion and hypolimnion. Consequently, the deep water Age increases at all depths and by 45 days at 225 m in the mid-century over the 1990s (Fig. 6 ). It signals that the deep lake waters become increasingly isolated from the atmosphere over the summer stratified period. There is thus a concern that hypolimnetic oxygen (O2) might become depleted as enhanced stratification reduces the supply of dissolved O2 to the interior. In aquatic systems with moderate levels of biological production, interior O2 is expected to be related to ventilation age, which is a measure of cumulative respiration that consumes O2 in a parcel of water while being isolated from the atmosphere. This relationship is clearly seen in the world ocean, for example, between dissolved O2 and radiocarbon age. However, the relationship is absent in Lake Superior, where physics (i.e., vigorous transport of O2) dominates over biology (i.e., weak O2 consumption by respiration) (Matsumoto et al., 2015) . If Lake Superior remains vigorously mixed and oligotrophic, there is probably little concern that the increased aging of hypolimnion would lead to serious deoxygenation.
While the projected changes in LWST, ice, and summer stratification have potentially significant impacts for the stakeholders who live near Lake Superior, the changes in ventilation suggest that Lake Superior would become a fundamentally different kind of lake. Specifically, tracer Age (Fig. 6) indicates that the dimictic behavior, which so strongly characterizes today's 
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Also, identified as an important driver is high summertime air temperature A r t i c l e summertime air temperature , which was noted a A r t i c l e , which was noted above in our forcing A r t i c l e bove in our forcing , which was noted above in our forcing , which was noted a A r t i c l e , which was noted above in our forcing , which was noted a that Lake Superior is a cold lake to begin with A r t i c l e that Lake Superior is a cold lake to begin with (Zhong A r t i c l e , the water column stratification becomes A r t i c l e , the water column stratification becomes www.jlimnol.it Lake Superior and other mid-latitude lakes, may be eroding. In fact, tracer Age does not get reset in the spring in the 2060s, which at face value means that overturning does not occur and thus the lake is no longer dimictic. A recent study based on remote sensing already suggests that two of the Laurentian Great Lakes did not overturn in a recent year (Fichot et al., 2017) .
The effects of the lake becoming monomictic and can include differential changes in warming trend, ice cover, and nutrient distribution (Woolway and Merchant, 2018).
Our projection of Lake Superior's physical features (LWST, MLD, ice) are entirely consistent with the current trend of strengthening and lengthening the summer stratified season (McCormick and Fahnenstiel, 1999; Colman, 2007, 2008) , and weakening and shortening the winter stratified and ice season (Assel, 2003 (Assel, , 2005 Howk, 2009 ). Projected warming of LWST, particularly strong in the eastern basin (Fig. 4b) , is also consistent with more recent observations of faster warming in deeper waters (Mason et al., 2016; Zhong et al., 2016; Woolway and Merchant, 2018) .
Earlier warming in the shallow waters, simulated in the southeast coast (Fig. 5b) , has also been pointed out (Zhong et al., 2018) . Given these consistencies, the projected trends thus appear quite reasonable, even while the specific magnitudes of changes simulated by our model for the future are simply projections. These trends can have important implications on shifting patterns of evaporation year round and lake effect snow in the winter. The trends also will expand the habitat of warm-water species in the summer, increasing the risk of warmer-water species invading Lake Superior. Zebra and quagga mussels, for example, are already present in the lakes ports (Grigorovich et al., 2008) .
Projected changes to Lake Superior's biology are consistent with the physical changes. Annual PP in the mid-century increases compared to the 1990s (Fig. 7a) , largely because the summer growing season is longer and LWST rises. It has been reported that temperature is the strongest driver of PP in Lake Superior today (Sterner, 2010) . Because the growing season begins earlier, the lakewide daily PP peaks more than one month earlier near the end of the mid-century compared to the 1990s (Fig. 8) . This phenological change could have a wide, cascading effect throughout Lake Superior's food chain as well as fisheries. If the efficiency of energy conversion between trophic levels remains the same, then an increase in PP could translate to larger fish biomass. The timing of activities associated with fisheries (e.g., fish harvest, storage, processing, and transport), may shift to an earlier time of the year. However, earlier warming may also trigger a mismatch in the timing of fish hatches and their ultimate food source, phytoplankton. This could lead to a shift in fish species and/or abundance. These alterations may force significant changes in the local and regional economies.
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, and weakening and A r t i c l e ning and (Assel, 2003 (Assel, , 2005 Howk, 2009) A r t i c l e (Assel, 2003 (Assel, , 2005 Howk, 2009) The DCM is projected to become stronger and deeper (Fig.7) . At first, the deepening seems puzzling when we consider the projection that MLD shoals. These projections indicate that somehow MLD and DCM are decoupling. In our earlier work , we identified photoadaptation as exerting a dominant control over the presence of DCM in Lake Superior. In our model, photoadaptation is activated under low light conditions and relatively greater nutrient availability according to the formulation of Geider (1996) . The MLD-DCM decoupling could thus be explained by increased PP (Fig. 7a) causing both: i) lower light conditions through self-shading; and ii) surface nutrient depletion pushing the nutricline deeper. The first explanation however seems less likely in the oligotrophic Lake Superior, and the rapid attenuation of light with depth would shoal the base of the photic layer, which would be inconsistent deepening DCM. Given that DCM is a prominent biological feature of Lake Superior, its projected change in the coming decades can also be considered an indication of Lake Superior changing into a different kind of lake.
CONCLUSIONS
In this study, we employed a realistically configured, 3D physical-biogeochemical model of Lake Superior to project its physical and biological states into the mid-century under a 'business as usual' warming scenario. The atmospheric boundary conditions that drive our lake model were obtained from a regional climate model, which behaves close to the ensemble mean of NARCCAP regional models. Our projections include significant reduction in both winter ice cover and winter water column stratification. Ventilation of interior waters will thus be enhanced over the winter season. For the summer, our model projects the season to begin earlier and last longer. Summertime stratification will be more enhanced, thus reducing ventilation. Our model predicts that summertime biological production would start and peak earlier and become larger overall as these physical changes occur. These physical and biological changes could shift the habitat in favor of warm water species as well as invasive species at all levels of the trophic pyramid. Potentially, these changes have important implications for stakeholders with interests in shipping, coastal habitability, fishing, water quality, and recreation. Perhaps more fundamentally, the projected changes imply that Lake Superior may change into a different kind of lake with a dramatically weakened dimictic behavior. quality, and recreation. Perhaps more fundamentally, the projected changes imply that Lake A c c e p t e d quality, and recreation. Perhaps more fundamentally, the projected changes imply that Lake Superior may change into a different kind of lake with a dramatically weakened dimictic
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